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Introduction
Solubilization of poorly to moderately water soluble components has been the subject of studies in various fields of application. Thus, this effect forms the basis for the application of concentrated surfactant products in laundry and dish washing. In addition, micellar solubilization has been investigated as a possible formulation strategy for poorly water soluble drugs [1] and it has been proposed as a useful tool in soil remediation [2] . In this application, the micelles should enhance the removal of strongly bound organic compounds during soil washing.
Micellar solubilization may be considered as a partitioning between the aqueous phase and the more hydrophobic interior of the micelle. For various compounds, a close relationship between the micellewater and the octanol-water partitioning coefficient has been found [3] . For compounds that contain both polar and apolar regions, the interfacial region creates a favorable environment and interfacial, rather than bulk sorption occurs. In addition, additional interactions may further favor solubilization such as the π-cation interaction, as well as electrostatic interactions.
In this manuscript, micellar solubilization of phenol from aqueous solutions was studied in the presence of the cationic surfactant CTAB. The latter was selected since sorption of aromatics is known to be favored by the π-cation interaction [4] [5] [6] [7] . Phenol, as well as other small aromatic molecules such as nitrobenzenes, have been found as important contaminants in industrial sites [8] [9] [10] . In these cases, micellar solubilization may help to remove phenol and related compounds from the soil by washing. In addition, it may help the further treatment by increasing the retention in membrane processes, which is referred to as micellar enhanced ultrafiltration (MEUF) [11] [12] [13] . In this contribution, we focus on pH effects, which will affect the acid-base equilibrium of phenol. Whereas the increased polarity of phenol upon dissociation might hamper micellar solubilization, the increased electrostatic interaction with cationic micelles might be expected to generate a promoting effect. The final balance between both effects was investigated using NMR methodology, focusing both on the sorption site, and the amount of sorption.
2 Materials and Methods

Materials
The cationic surfactant cetyl trimethylammonium bromide (CTAB, MW=364.45 g/mol, >99% pure) was purchased from Acros Organics. Phenol (MW=94.11 g/mol, 99% pure) was obtained from
Sigma. Sodium hydroxide (MW=40 g/mol, 99% pure) was NormaPUR, acquired from VWR Prolabo.
Deuterium oxide (D 2 O >99.8% atomD) was purchased from Armar Chemicals (Switzerland). 4,4-dimethyl-4-silapentane-1-sulfonate sodium (DSS-d 6 , MW=224.32 g/mol, >98% atomD) was acquired from Isotec Inc. All the products were used as purchased and not further purified. were stirred overnight and then used for the NMR measurements during the following two days. The pH of the different samples was measured directly in the NMR tube at 25 °C using a combined pHmeter Spintrode electrode purchased from Hamilton.
Sample preparation
Nuclear magnetic resonance spectroscopy
All the NMR experiments were performed on a Bruker Avance II spectrometer operating at a 1 H frequency of 700. NOESY experiments were carried out using a phase sensitive gradient enhanced pulse sequence with z-spoil to eliminate zero quantum coherence [14] [15] [16] and 300 ms mixing time.
Diffusion coefficients were measured by PFG-NMR with convection compensated double stimulated echo experiments [17] using monopolar smoothed rectangular shaped gradient pulses and a modified phase cycle to minimise phase distortions due to unwanted gradient echo's [18] . The echodecay of the resonance intensity obtained with the double stimulated echo sequence obeys equation 1, from which it is clear that the diffusion coefficient D is derived from the echo-decay as a function of the parameter k.
where I is the echo intensity with gradient; I 0 is the echo intensity at zero gradient;  is gyromagnetic ratio; G the maximum gradient amplitude;  the duration of the gradient pulse and  ' is the diffusion delay corrected for the finite gradient pulse duration
. The gradient shape factor s was set to 0.9, to account for the smoothed rectangular gradient shape used here [19] . A detailed description of the PFG-NMR method and the sequences mentioned above, is provided in several excellent reviews [20, 21] .
The determination of the diffusion coefficient with corresponding 67% confidence interval was based on the fitting of a mono-exponential curve to the echo decay of the peak intensity of the selected resonances using the Monte Carlo procedure [22] . This fitting procedure was repeated 100 times for each experiment; according to Alper and Gelb [22] , 60 fits are sufficient to produce a constant confidence interval.
Determination of the partitioning into the micelle
When phenol molecules are added to a micellar solution of CTAB surfactant, they are either dissolved in water or solubilised in the micelles. In the former state, phenol diffuses freely in the aqueous phase, whereas upon sorption, the phenol molecules diffuse together with the surfactant aggregates. Assuming the exchange between the micellar and the aqueous phase is fast on the NMR time scale, the chemical shift observed may be expressed as described in equation 2:
where  free and  sorbed are the chemical shift values of the molecule of interest in the free and sorbed states, respectively and p represents the fraction of the molecules sorbed by the micellar solution.
Similarly, the observed diffusion coefficient D obs of the phenol in the presence of micelles is also averaged according to equation 3 [23] :
where D free and D sorbed represent the diffusion of the free molecules and those sorbed in the micelle. It is then possible to derive the value of the bound fraction p according to:
3 Results and discussion
1 H-NMR
The aim of the present study is to investigate the effect of pH on the phenol-CTAB interaction using NMR. shift is most likely attributed to ring current shift effects caused by phenol as is well documented in literature [5, [24] [25] [26] [27] and may be considered as evidence for the vicinity between both molecules most probably with residence of the phenol at the micelle-water interface, since only the chemical shifts of groups close to the head of the micelle are affected.
To assess the impact of the phenol ionization state on the interaction with CTAB micelles, 1 H NMR spectra were recorded varying the pH by addition of sodium hydroxide (section 2.2). figure 2 , where the pH of the solutions is comparable (2c) or higher (2d, e) than the pKa of phenol, which is located at 9.89 according to literature [28] . In these conditions the aromatic compound is also present in the phenolate (C 6 H 5 O -) form.
In figure 3 , to the dissociation of phenol to phenolate, occurs between pH 8.5 and 9.5, i.e. indicating an apparent pKa value [29] of roughly 9 instead of 10. The downward shift in apparent pKa upon sorption in cationic micelles was also observed by Mchedlov-Petrossyan and Kleshcheevnikova [30] and is at least partly due to the fact that the local pH at the micelle-water interface is higher than the bulk pH. In addition, it is known that the dissociation equilibrium may be affected by the molecular environment of the dissociating group. Table 1 table 1 it is obvious that the upfield shift of the CTAB moieties augments significantly when the pH approaches the pKa value of phenol in the presence of CTAB, suggesting that the interaction between phenol and surfactant changes to become stronger as the pH increases. When the pH of the solution exceeds the pKa value, even the inner methylene groups and the terminal methyl group appear to be affected, as these experience a less important yet significant downfield change in chemical shift ( figure 3d, e) . The change of the inner CTAB chemical shifts in a direction opposite to those in the vicinity of the ammonium head of the micelle was explained by Caghi et al. [26] , on the basis of the change in electron density of their local environment, once the solubilized molecules penetrate deep into the palisade layer of the micelle. Indeed, the alkyl methylene and terminal methyl groups will experience a more polar environment (as compared to being in contact with other alkyl chains) whereas the quaternary ammonium methyl groups will experience a less polar environment due to a lower hydration upon insertion of (and partial neutralization by) the (partly dissociated) phenol.
Based on this explanation together with the chemical shift evolution already seen, one could propose that when the pH increases, the phenolate ion produced has the ability to deeper penetrate the micelle in such a way that the aromatic ring resides in the upper hydrocarbon region of the micelle while the negative charge carried by the oxygen interacts with the positively charged nitrogen at the head of micelle. For the sake of completeness it is worth mentioning that this behavior is in contrast to the so-called pH-piston hypothesis as described by Avdeef [31] which points to a more outward solubilization locus of solubilized species upon dissociation. This contradiction may be explained by the fact that the phenolate is oppositely charged to the surfactant in this case, which causes the more polar characteristics upon dissociation to be more than compensated by the increased electrostatic interaction, which drives the phenolate inside the micelle. Once the phenol is fully deprotonated, a further increase in pH does not affect the position of the resonances in agreement with this view.
NOESY
To further probe and confirm the localization of phenol with respect to the micelles as derived from chemical shift arguments, 2D NOESY spectra were measured as a function of pH. Both the negative sign of intramolecular NOE's as well as the presence of intermolecular NOE's connecting resonances of both species can be used to this effect ( Figure 5 ). At pH 6.70, in the absence of any added sodium hydroxide, no intermolecular NOE peaks are found between aromatic and surfactant protons, and the phenol resonances show weak positive NOE's, that can unambiguously be recognized since typical zero-quantum artifacts between scalarly coupled spins were eliminated using a recently described modification [16] . The lack of intermolecular NOE's signifies that phenol is hardly inserted into the CTAB micelles while the weak positive intramolecular NOE's indicate that the phenol remains in a highly dynamic and solvated form. As proposed before from the chemical shift perturbations, phenol is therefore most probably located at the micelle-water interface. The 2D NOESY spectrum at higher pH The different solubilization loci of the phenol may be explained on the basis of the different interactions taking place when the pH is varied. At neutral pH the presence of the phenol at the micellewater interface (figure 6a) is due to the π-cation interaction [4] [5] [6] [7] . This observation is in line with the findings of Xu et al. [27] who also found that at neutral pH, phenol accumulates at the micelle-water interface and in the hydrophilic head group region of cetyl pyridinium chloride micelles. At higher pH, the electrostatic interaction between charges of opposite sign may give rise to ion pairing which drives the phenol deeper in the micelle (figure 6b). In this configuration, the ortho and meta protons will be closer by the surface, with para deeper inside the micelles.
PFG-NMR
The 
where k b is the Boltzmann constant, T is the temperature, and η is the viscosity of D 2 O (η=1.095 mPa•s at 25 °C). The similar diffusion coefficients found for CTAB, which correspond to a hydrodynamic radius of about 3.2 nm, indicate that no shape changes occur at the phenol concentration used, as described upon benzene solubilisation in CTAB by Hedin et al. [33] .
Based on the experimental values of the diffusion coefficients, the percentage of sorbed phenol was calculated from equation 4. It is interesting to note in figure 7 that for values of pH below the pKa of phenol only modest changes in bound fraction were observed, whereas when the pH value is higher than the pKa, the bound fraction rapidly increased to about twice the initial value. In these conditions, a further increment of pH did not have further effects on the degree of sorption. This trend is in line with the observations made about the changes in chemical shift and NOESY experiments and it is a further confirmation that the deprotonated form of phenol has a greater ability to penetrate the micelle.
Additionally, the reversibility of the sorption, i.e. the ability of the micelles to release the sorbed phenol when the pH is lowered again, was investigated. Hence, the sample containing 5 mM phenol and 10 mM CTAB at the highest pH condition (pH=12.31) was acidified by addition of formic acid until a pH value around 3.5 was reached. The diffusion experiment carried out on this new sample showed that phenol diffuses faster and therefore only a small fraction of phenol is still bound to the micelle. The sorbed fraction so calculated was 30±1%, meaning that upon addition of formic acid the bound fraction returns to a value in line with the value found in conditions of neutral pH, meaning that the micelle has the capability to adsorb and release the solubilizate depending on the pH conditions of the solution ( figure 7 ). This opens interesting perspectives for a controlled sorption and desorption, e.g. for micellar enhanced ultrafiltration. In this application, a high degree of sorption is desirable during the filtration phase, whereas a low degree of sorption may enable to recycle the surfactant from the retentate.
Conclusions
The present paper illustrates the pH influence on the interaction between phenol and cationic surfactant micelles using different NMR techniques ( 1 H, NOESY and PFG).
On the chemical shift basis, it has been hypothesized that at pH close to neutrality phenol prefers to be solubilized at the micelle-water interface, since only the N + (CH 3 ) 3 , -CH 2 , -CH 2 and γ-CH 2 groups are affected by the presence of phenol, while at higher pH conditions, the aromatic compound is assumed to be located deeper inside the micelle because also the inner methylene groups of the surfactant tail are influenced.
NOESY experiments strongly supported this hypothesis. At neutral pH, no cross peaks between surfactant and phenol protons appear in the NOESY spectrum, meaning that the spatial correlation between phenol and micelle is rather weak. At higher pH, NOE peaks do exist, originating from a closer spatial correlation between the two molecules, demonstrating that the aromatic compound is located in the palisade layer of the micelle.
Finally, PFG-NMR was used to evaluate quantitatively the fraction of phenol bound to the micellar solution. It was observed that the sorption of phenol increased along with pH, which was explained by the strong electrostatic attraction of the phenolate ions formed. Interestingly, this observed sorption increment was shown to be reversible upon pH cycling. 
